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STABILITY OF TWO ROCKET~-PROPELLED MCODELS HAVING
ASPECT-RATIO~5 UNSWEPT TATIS ON A
LONG BODY FCR THE MACH NUMBER
RANGE OF 1.7 TO 2.4

By Reginald R. Iundstrom
SUMMARY

Two rocket models having cruciform, aspect~ratic-5, unswept tails
and a flneness-ratio-20 fuselage were flight tested over a Mach nuaber
renge of approximately 1.7 to 2.4. One of the models had cruciform,
aspect-ratio-3. L fonward surfaces in line with the talils. The models
were given step distuitbaRives by pulse rockets at intervals throughout
the Mach nunmber rangg‘and stabllity derivatives were obtained from the
neasured responses. The roll rates of the models varied from 10 radisns
per second to 5 radians per second.

The measured lift-curve slcopes in the plane in which the disturbance
originated (pitch) were much lower than the lift-curve slope in the other
plane (yaw) for both models. The measured lift-curve slopes in the pitch
plane were in good agreement with potential-flow theory. The damping of
the model with tall only was greater than thet predicted by theory. The
damping of the model with both forward surfeaces and talls was ebout the
seme as that predicted by theory. The aerodynemic center of both models
was farther forward than was predicted by potentiasl-flow theory.

INTRODUCTION

As the speed of missiles has advanced far into the supersonic regime,
the genersl tendency has become more and more to use wings of low aspect
retio. This trend is a logical one since the increase 1n lift-curve slope
wlth aspect ratio has become very small at Mach numbers of 2 and gbove,
and the elastic problems of a high-aspect-ratio wing at high speed become
rather severe. As a result, very little experimental data has been
obtained or needed on high-aspect-ratioc wings in this speed range.
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Recently, however, with the advent of folding-fin rockets as alrplane
armement, high-aspect-ratlo wings at Mach nuwbers sround 2 become of
Interest. The chord 1s restricted in order to gllow the fins to fold
readlly and a comparatively large span is often necessary to have suf-
ficient stabillzing erea. It is concelveble thet guldance systems may
be developed which can be fitted In small alrcraft rockets and will
require a rather blunt nose body. Such s missile will probebly have a
high-fineness-ratioc fuselage end forward-control fins since the rear part
of the fuselsge will be, of necessity, a rocket motor.

Adequate theory exists for calculating the lift-curve slope and
aerodynamic center of such a high-aspect-ratio configuration in a super-
sonic potential flow. (For exemple, see refs. 1 and 2.) A guestion
exlsts as to whether the assumption of potential flow is valld for all
conditions that may be encountered by gulded aircraft rockets. The pur-
pose of the present investigatlon is Lo compare stebllity derivatives
obtalned experlmentally at high Reynolds number with stebllity deriva-
tlves celculated from existing theory for a possible folding-fin config-
uration. Experimental statlc and dynamic stebility data as obtained
from two free-~flight models are presented. The fuselages of both models
had hemispherical noses and body fineness ratlos of 20. The cruciform
tall surfaces of both models were unswept and untapered and had an aspect
ratio of 5. One of the mocdels had cruciform lifting surfaces on the for-
ward part of the missile such es might be used for control fins. The
models were disturbed at predetermined intervals during thelr flights
by smaell rockets flring normel to the model flight peth. Dynamic and
static stebillty derilvatives as calculated from the measured responses
of the missiles to these disturbances are compared with the derivatives
as calculated from potentiel-~flow theory.

SYMBOLS
Ap normal acceleration, g unlts
Ay transverse accelerstion, g units
CD drag coefflcilent, Drag

qrr

Co pitching moment gbout model center of gravity, Pitchégg moment
Cx normal-force coefficient
C 1ift coefficient -
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X,Y,7

ol

P1

resultant-force coefficlent
side-force coefficient

moments of inertia asbout X-, Y-, and Z-axes, respectively,
slug-f’c2

space motlon factor (used in ref. 5)
total pressure, 1b/sq in.

Reynolds number per foot
free-stream velocity, ft/sec

body coordinste axes

exponential demping constant in e;b§ per second

{span of tail surfaces (used only in pb/2V), %
mean aerodynamic chord, ft

acceleration due tc gravity, 32.2 ft/sec2
model mass, slugs

roll rate, redlans/sec

dynemlc pressure, lb/sq ft

exposed tall area 1n one plane, sq Tt

time from model launching, sec

body radius, £t

distance from center of pressure of sir-flow indicator to model
center of gravity (4.74 ft for both models)

angle of attack of model, deg
angle of attack indicated by flow-direction indlcator, deg
angle of sideslip of model, deg

angle of sideslip indicsated by flow~direction Ilndlcator, deg
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pitching veloclty, radians/sec

@De

¥ yvewing velocity, radiamns/sec -
w demped natural frequency of resultant motion, radians/sec
Subscripts:

q derivative with respect to 63/2V

ed derivative with respect to o -
& derivative with respect to d§ EV(E%?3>

B derivative with respect to B

B derivetive with respect to é§/5v<5%73>

t indicates value at trim condition _

A dot over o or B indicates a derivative with respect to time.

MODELS AND APPARATUS

Model Description

The models used for these tests had fuselage fineness ratios of 20
and cruciform tails of aspect ratio 5 that were untapered and unswept.
One model, referred to throughout this report as model 1, had no forward
surfaces. The other model, referred to in this report as model 2, was
identlcal in conflguretion to model 1 except for the addltion of aspect-
ratio-3.4 cruciform forward surfaces arranged in Iline with the tail. A
general arrangement of both models 1s shown in figure 1 and details of
the lifting surfaces are shown in figure 2. The telemeter antennas shown
in figures 1 and 2 and the total-pressure tubes shown ln figure 1 were
indexed 450 with respect to the taills In an effort to minimize inter-
ference. The alr-flow direction plckups locsted in front of the models
were believed to be located far enough forward to minimize their wind-
shield effect on the blunt hemispherical noses. The fuselage forward
section was made of 3/16-inch wall-steel tubing and the rear section was
a standard 5-inch HVAR rocket motor. The sclid-steel fins were welded
to the fuselage. It 1s belleved that the models were sufficlently rigid;
thus, effects of flexibility were negligible. Photographs of the models
are presented 1n figure 5. The dimensional and mass data are as follows:
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Exposed tail area (per plene), 84 £t « « o« o « o o o o o o « o 0.694h
Fuselage cross-sectionsl area, S 5 « o o « ¢ o s o o « o « o 0.1363
Exposed forward wing area (model 2 only), per pleme, sq £t . . 0.4167
Tail meen serodynamic chord, Tt « o o« o o o o o o o « o o + o « 0.4167
Center-of-gravity position (both models), inches from nose . . 43,9
Model 1 Model 2

(fuel burned) (fuel burned)
Welght, 1D ¢« & ¢ ¢ o o ¢ o o o o o o o 162.1 168.6
Txs S1UE-TE2 + 4 v v v e e e e e e e 0.293 0.32
Ty or Ty, 8lUg=TtT « o ¢ ¢ « o o o« « o 38.9 39.k
I
T I I 0.0075 0.0081
2

TNSTRUMENTATTON

The models were equipped with an NACA eight-channel telemeter which
transmitted a conmtlnuous record of normel, transverse, and longitudinal
accelerstion, pitch angular acceleration, roll rate, total pressure, angle
of attack, and angle of sideslip. No relisble information was received
from the pitch angular acceleration plckup on elther model.

Velocity was measured by a CW Doppler velocimeter and the positions
of the models in space were meesured wilth an NACA modified SCR 584
tracking rader set. Atmospheric tempersture, pressure, wind velocity,
and wind direction were measured by a Rawinsonde. The method of refer-
ence 3 was used in an attempt to launch the models on a day when the
atmospheric turbulence was 1low.

Test Technigue

The models were launched from a near-zero-length mobile launcher
at an elevation angle of 45°, Each model was boosted to supersonic
velocity by a first-stege booster powered by two 6-inch-dismeter solid-
propellant rocket motors which together produced epproximately 12,000
pounds of thrust for 3 seconds duration. The 5-inch HVAR rocket motor
which made up the rearward part of each of the model fuselages was fired
directly after first-stege burnout, separated the model end booster,
end propelled the model up to a maximm speed. As the models coasted
down through the Mach number range, four small rockets on each model were
fired normal to the flight path at intervels in order to cause free pitch
osclllaticns of the models. These small rockets, referred to as pulse
rockets, delivered 20 pound-seconds of impulse over about 0.06 second.

o
Y0 P
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PRECISION OF DATA

The velocity data, as obtained by the CW Doppler velocimeter, were
corrected for flight-path curvature and for wind effects at altitude.
The sngle of attack « and angle of sideslip B at the model center
of gravity were obtalned from the wind-flow-@irectlon indlcator by using
the followlng relationships:

(57.3)(32.2)A
“=“1+§§<&i+ - n+Bip>
B =g, + x<é - (57.3)(32.2)5% - p)
i V i . . V Q.i

Since all linear accelerometers obviously could not be located gt the
model center of gravity, corrections had to be applied for angular veloc-
ities and accelerations. These corrections were very smell, in almost
all cases being less than 1 percent of the Instrument range.

ACCURACY _

The accuracy of the ilnstrumentation used for these tests should
cause the following quantitles to be within the following incremental
limits for the two Mach numbers listed:

Mach number o -y Oor B - By Cy or Cy CD P
2.4 + 0.02 +0.15 +0.003 +0.05 0.2
1.7 £ 0.02 +0.15 +0.005 +0,07 +0.2

The absolute velues of « and B vwhich are not used for results in this

report are not nearly as accurate as o - % and B - By because of

possible fin misalinements of the alr-flow indicator. No rigorous assess-
ment of the accuracy of the stablllity derivatives can be obtained. In
the method used for determining CN@’ the rendom errors and some of the

systematic errors are canceled out when the slope 1s determined., In the
case of Cma and Cmq + Cm&, the linearity cof the derilvative 1tself is

often very questionable. The following listed accuracles are based on
limited experilence from Ilnstances when several similer models of & con-
figuration have been tested or when checks with other methods have been
possible: )
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CNCI/ or CYB, Percent ¢ e o 6 e 8 @6 6 e e e & e e s o & s & & 3 s = i5
Cmyy PETCEME o v v v v v v vttt e e e e e e e e +8
Q]lq + Cm@’ Percent L] . . L) . . . . . . . . . . L] . L] . . . - . . . .+..2O

RESULTS AND DISCUSSION

A1l coefficients presented in this report with the exception of Cp

are based on the exposed area of the tail in one plane (0.694k sq £t)

and the taill chord (0.416T7 ft). All moment coefficients are referred

to the model center of gravity (43.9 inches from model nose). The drag
coefficient Cp is based on the fuselage cross-sectional area. The
variation of Reynolds number per foot with Mach number for the tests 1s
shown in figure 4. The measured total-pressure varistion with time for
model 1 is presented in figure 5 along with a calculated value obtained
by using Rayleigh's supersonic pitot equaetion. The Mach number and static
pressure used In the pitot equation were obtalned from the CW Doppler and
SCR 584 redar and Rawinsonde measurements. When compared, the measured
and calculated totsl pressures for model 2 appeared to be very much like
those shown for model 1. For both models the agreement below a Mach
nurber of 1.9 1s very good but gbove a Mach number of 1.9 the measured
totel pressure is lower and very irregular. This result suggests that,
gbove M = 1.9, the total-pressure tube 1s in a region of separated flow
and 1t seems loglcal that at other positions around the fuselage there
mey elso at times be a separasted flow. Attempts to correlate the irregu-~
lerities in the measured total pressure with varistions in a and B
showed nothing that appeared systematic but they were evident even abt
angles of sttack of less than 1°. Occurrences of this nature, of course,
are strongly dependent on the Reynolds number of the test.

Time Hlstories

The time history of Cy, Cy, roll rate, and Mach number during pulse-
rocket firings is shown in flgures 6 and 7 for models 1 and 2, respec-
tively. Note the irregular response of Cyi &and Cy because of their
being referenced to a conventlonal body-exls system while the model is
rolling at from 5 to 10 radians per second. Little evidence of cross
coupling 1s apparent on the roll-rate trace because of the small angles
of attack end sideslip (usually less than 2°), The rather abrupt steps
on the roll-rate trace cccur when the pulse rocket flres, since the thrust
l1ine of the pulse rockets was not in the X,Z plane but was parsllel
to it and displaced 0.75 inch. The average variation of pb/EV wlth
Mach number 1s shown in figure 8 to be approximstely constant for model 2
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but increasing wilth Mach number for model 1. The roll rate could not
be accurately predicted from fin mlsalinement. From measured wing mis-
alinements, model 1 was calculated to have had & value of pb/2V

of ~0.0021 during flight test. Similarly, the effects of wing-tall
interference belng neglected, model 2 was calculated to have had a value
of pb/2V of 0.0010.

Normal Force Due to Angle of Attack

Plots of Cy @against o are presented in figure 9(a) for model 1
and in figure 9(b) for model 2. Similar plots of Cy against B are

presented in figure 10(a) for model 1 and in figure 10(b) for model 2.
Swmery plots showing CN@ and OYB agelnst Mach number are presented

in figure 11(a) for model 1 and in figure 11(b) for model 2. Theoretical
values for CNCL or —CYB as calculated from reference 1 (s0lid line

curves) are also shown in figures 11(a) and 11(b). As may be seen in
figure 11, the agreement between the experimental polirnts of CN@ and

the theoretical curve is good for both models but the experimentsl points
for -CYB are conslderably higher then the theoretical wvalues for both

models. Since thils result did occur on both models it is very unlikely
that it 1s due to any Instrument errors. Tt 1s believed theat, if for
some reason the vertical talls were in a more turbulent flow than the
horizontal tails, the experimentel values of CYB would be less than

theory rather than greater. It should be noted that the experimental
values of Cy (or CYB\ are total derivatives, wheress the theoretical
o

values of CNCL presented are partial derilvatives. Attempts were made

to account for Cy due to & and CY due to ﬁ but no appreclable
difference in the derivatives CN and 'CY resulted. A somewhat
@ B

similar phenomenon occurred during the test reported in reference 4
where CN was the same for a model that rolled at gbout 5 radians

a
per second as for a model that did not roll if the pitch controls were
st a control deflection of 0°. However, 1f the piltch _controls were

deflected 5° and thus caused an asymmetry in the model, CN was
o

much greater for the model that rolled than for the model that did not
roll. For any rocket-propelled model test, no exact evaluation of the
asymmetries can be made since instrument mountings as well as 1lifting
surfaces of the model are subject to constructlon tolerances. TFor both
models of this report preflight measurements of wing misalinements showed
them to be very small and sbout the same in the X,Y plane as in
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the X,Z plane. This result 1s also indicated from the flight measure-
ments of figure 6. Further investigation will be necessary if the causes
of this large apparent asymmetry are to be completely understood.

Damping

The demping constant could not be reduced directly from the time
history of a or Cy since the rather large roll rate caused the
regponse to not be confined to the ¥,Z plsne. Two of the methods
used for reducing data from rolling symmetrical models are shown in
references 5 and 6. Both methods involve the making of plots of Cy
against Cy or o eagainst p and determining a resultant force coef-
ficient. In thls report the method of reference 5 wag used primarily
but the method of reference 6 was also used to check agreement. Sample
plots of the variation of Cy with Cy are shown in figure 12 for

model 1 and figure 13 for model 2. These shapes are typical for a small
value of the space-motion factor K which 1s described in reference 5.
The value of % for model 1 varied from -0.37 at M = 2.45 +to -0.2

at M = 1.77. The value of g for model 2 varied from -0.3k4

et M =2.25 to -0.28 at M = 1.69. The plots of Cy egainst Cy
from all the pulses were very similer to flgures 12 and 13 except for
the first pulse of model 2. Inspection of the roll-rste trace in

figure 7 shows that the second pulse rocket flred less than O.1 second
after the first pulse rocket finished firing. This model motion was
somewhet similar to the motion resulting from one long burning pulse
rocket and results in a very large value of the space-motion factor X.
In fact, the model had rolled through more than 90° between the start

of the first pulse rocket to burnout of the second pulse rocket. The
plot of Cy egalnst Cy for these pulses, presented in figure 1k, shows

that the value of K is extremely large.

The time history of CR2 was obtained from the relationship
Cr2 = (CN - CNt)2 + (CY - Cyt)e. A sample time history of Cﬁz as
obtained from the plot of Cy eagainst Cy in figure 12 is shown
in figure 15. The damping constant b as obtalined from these time
histories of CR2 1is presented in figure 16. The demping constant b

was also determined by using the method of reference 6, and these points
are also included in figure 16. The excellent agreement between the
values of b obtalned by using the two methods 1s not surprising even
with the large value of K for the first pulse of model 2. Close inspec-
tion of the two methods shows that, when the proper trim points are
chosen, reference 6 does almost the seme thing graphicelly as reference 5

does methematically.
;‘ + ..

oA



10 MRDMERRE NACA RM I57A31a

The damping derivative Cmq + Cm& shown In figure 17 was determined
from the damping constant b by using the relationship:

Cmq'*'cmd,"—‘(' 21Yb+57-5 CLCLII\\&

q58 mye / Fd

The values of CLQ used in thils equation were the rodt-mean-square
values of Cp, and CYB.

Also Included 1n figure 17 are calculated values of Cm + Qm&
. q

obtained by using the method of reference 7. The fact that better agree-
ment between theory and experiment 1s obtained for model 2 must be abttrib-
uted to colncidence. The theoretlcal Cmq + Cmd for model 2 wag, of

course, obtained by adding the effect of the forward surface and i1ts
downwash to the calculated values for model 1; therefore, the theory
must have overestimated the contribution of the forward surface.

Pitching Moment

The statlc stabllity derivative Cma was obtained from the following
relationship:

E_
CLCm—fV—C

_ mve

I 2, .2
oy 57.3q85(w +b)

This 1s the equation for a nonrolling model. However equation (14) of
reference 5 for a rolling model reduces to this equation if the megnus
term is assumed to be negligible and IX/IY is assumed to be zero.

The quantity o was determined from the period of the time history
of CR®. Since the period of Cp° is one-half that of Cg,

w = nt/Period. The second term of the equation for Cmm which is the
contribution of the vertical translational degree of freedom was extremely
small (less then 1 percent) for these heavy models having small lifting
gurfaces far awgy from the center of gravity. A plot of Cm against

o8

Mach number for both models 1s shown in figure 18. The aerodynamic
center, as obtained from figure 18 and the root-mean-square velues of

Cig and —CYB, is presented in figure 19. Also included in figure 19

are the aerocdymeamic-center positions as calculated from the theory of
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reference 1. As in the case of the damping, the better agreement
between theory and experiment in the case of model 2 must be attributed
to colncldence.

Drag

The drag ccefficient as a function of Mach number is presented in
figure 20. Excellent sgreement was obtalned between Cp as determined

from the CW Doppler radar unit and Cp as determined from the longitudi-

nal accelerometer in the model. Since the angle of attack was elways
very small, it is essentially zero-lift drag. The angle-of-attack vane
may have influenced the drag somewhat but 1ts influence is believed to

be small. In reference 6 when a slightly longer rod was used on the
flow-direction indicator the drag obtained agreed well with that obtained
from wind-tunnel tests. Reference 8 also indicabes theat, when a long

rod is used, the reduction in nose drag is much less.

CONCLUDING REMARKS

An investigation has been conducted at high Reynolds nunmber to see
whether potential-flow theory will adequately predict the stebllity deriv-
atives of & cruciform-missile configuration having an aspect-ratio-5
unswept taill and a fineness-ratio-20 blunt-nose body. One model also
had cruciform, aspect—ratio—B.h, forward surfaces. The two models were
given pitch disturbances while rolling at 5 to 10 radiens per second.,
There sppeared to be reglons of separated flow on the bodies of both
models flight tested sbove a Mach number of 1.9 even at angles of attack
of less than 1°.

The slope of the variation of normal-force coefficient with angle
of attack agreed very well with that obtained by theory for both models
but the slope of the variation of side~force coefficient with angle of
sideslip was much greater than that of normal-force coefflcient or theory
for both models. The cause of thils additional side force 1s at present
unknown.

The darping derivative of the model without forward surfaces was
greater than that predicted by theory but good egreement between theory
and experiment was obtained with the model having forward surfaces.
This result iIndicates that in this case the theory overestimated the
damping contribution of the forward surfaces.

The aerodynamic center of the model with no forward surfaces was
ruch farther forward than would be predicted by theory. The fact that
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better agreement between theory and experiment was obtained for the
model with forwerd surfaces also indicates that in this case the theory
overestimated the destabllizing effect of the forward surfaces.

Langley Aeronautical ILaborsatory,
Netional Advisory Committee for Aeronautics,
Lengley Fleld, Va., Jasnuery 11, 1957.
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